Bacterial biofilms relieve themselves from external stresses through internal re-arrangement, which have been mathematically modeled in many studies, but never microscopically visualized for their underlying microbiological processes. Here, we apply a uniaxial 20% deformation to Pseudomonas aeruginosa biofilms and fixate deformed biofilms after allowing different periods of time for relaxation. Two P. aeruginosa mutant strains with different abilities to produce extracellular-polymeric-substances were involved in this study. The re-arrangement of extracellular-polymeric-substances and bacteria in deformed biofilms was visualized using confocal-laserscanning-microscopy.
INTRODUCTION
The protection offered by biofilms to inhabiting organisms against chemical and mechanical stresses is due in part to its unique matrix of extracellular-polymeric-substances (EPS) in which organisms embed themselves (5) . Mechanical stresses lead to deformation and detachment of biofilm organisms and hence visco-elastic rearrangement processes occur in a biofilm to relieve itself from these stresses (2) . Environmental biofilms exposed to increased shear stress for instance, re-arrange into so-called streamers (15) , i.e. extended portions of biofilm that can recoil when shear stresses return to normal levels. Also oral biofilms possess visco-elastic properties that allow them to better withstand mechanical stresses exerted by daily toothbrushing (1) .
The re-arrangement processes occurring in biofilms under mechanical stress yield visco-elastic stress relaxation that can be analyzed using a Maxwell-model. Maxwell model analysis allows mathematical determination of characteristic relaxation time constants of the different relaxation processes occurring in a biofilm (14) . Hitherto however, Maxwell-model analysis has only yielded mathematical descriptions of stress relaxation, but has not provided a more microbiologically-relevant description of internal rearrangement processes in a biofilm (10, 13, 17) . In general, three Maxwell elements suffice to mathematically describe stress relaxation of biofilms, and fastest Maxwell relaxation elements have been intuitively suggested to be due to the flow of water in mechanically stressed biofilms, as water has the smallest viscosity of all biofilm components (2, 12) . Since organisms themselves represent the heaviest masses in a biofilm, their re-arrangement can be expected to coincide with the slowest Maxwell relaxation element.
The array of stress relaxation elements with intermediate characteristic time constants ranging from 5 to 100 s, has been intuitively associated with re-arrangement of the EPS matrix (12) .
The aim of this study was to visualize the internal re-arrangement processes occurring in a mechanically deformed biofilm using confocal-laser-scanning-microscopy after propidium-iodide and calcofluor-white staining to visualize bacteria and EPS matrix, respectively. To this end, biofilms were grown with two Pseudomonas aeruginosa mutant strains with different abilities to produce EPS (6, 16) .
RESULTS AND DISCUSSION
Undeformed biofilms of EPS-producing P. aeruginosa SG81 demonstrate a fluorescence intensity distribution due to bacteria and EPS with maxima appearing at a depth of approximately 60 μm from the top of the biofilm (see Figure 1a) . These maxima indicate elevated densities of bacteria and EPS at a certain distance from the top of the biofilm, without implying their absence at other depths made less visible through the Confocal laser scanning microscopy (CLSM) settings used (see Table 1 aeruginosa SG81 biofilms, that EPS is required to stimulate bacterial movement in mechanically deformed biofilms. The mere presence of water as in P. aeruginosa SG81-R1 biofilms, may not be sufficient to induce bacterial movement as it is much more loosely associated with the bacteria than EPS (4, 5) . Moreover, also the visco-elasticity of water is less than of EPS (3, 8) . Movement of EPS may thus be expected to drag bacteria along, with a certain time delay, as observed for EPS-producing P. aeruginosa SG81 but not for its mutant P. aeruginosa SG81-R1 within the time-scale of our experiments (Figures 1b and d) . This is the first study to visualize stress relaxation processes in P.
aeruginosa biofilms due to re-arrangement of EPS and bacteria in deformed biofilms in a direct, microbiologically relevant way. The method utilized in this study is crude, to adapt for limitations of stain and laser penetration in CLSM (11) as well as for fixation capabilities of paraformaldehyde. Nevertheless, significant differences have been revealed between re-arrangement processes for EPS producing P. aeruginosa SG81 and its mutant strain P. aeruginosa SG81-R1. The re-arrangement processes visualized for P. aeruginosa SG81 proceed on a time-scale coinciding with mathematical analysis of stress relaxation processes in biofilms (7) . Therewith this study provides a basis for more detailed structure-composition analysis of biofilms based on Maxwell-model analysis of stress relaxation.
MATERIALS AND METHODS
Two strains with different ability to produce EPS were selected for this study: P. aeruginosa SG81 and its mutant strain P. aeruginosa SG81-R1, largely deficient in EPS production (6, 16) . Bacteria were cultured in 10 ml nutrient broth (37°C, 17 h) and sonicated (10 W, 10 s, 0°C) to disrupt possible aggregates. Bacteria (1 × 10 8 ), suspended in demineralized water, were deposited on a membrane filter (0.4 µm pore size, diameter 4.6 cm) under negative pressure and washed with 50 ml demineralized water. Subsequently, the filter was moved onto nutrient agar plates and incubated (37°C, 48 h) to grow a biofilm.
Biofilm-covered membranes were sectioned and transferred to glass slides. Deformation was imparted on the biofilms using a lowload-compression-tester (9) . Briefly, a stainless steel plunger 
